We report that ligation-mediated PCR (LMPCR) can be used for high-resolution study of metaphase chromosomes, and we discuss the role of metaphase chromatin structure in the preservation of differentiated cell states. The X chromosome-linked human PGKI (phosphoglycerate kinase 1) promoter region was investigated, and euchromatic active X chromosome (Xa) metaphase chromatin was compared with interphase Xa chromatin and to heterochromatic inactive X chromosome (Xi) metaphase and interphase chromatin. We find that (i) good-quality data at single-nucleotide resolution can be obtained by LMPCR analysis of dimethyl sulfate-treated intact metaphase cells; (ii) transcription factors present on the Xa promoter of interphase chromatin are not present on metaphase chromatin, establishing that the transcription complex on the PGKI promoter must form de novo each cell generation; and (iii) the dimethyl sulfate reactivity pattern of Xa and Xi chromatin at metaphase is very similar to that of naked DNA. These results are discussed in the context of models for heritable chromatin structure and epigenetic mechanisms for cell memory, and they are also relevant to more general aspects of chromatin structure and differences between euchromatin and heterochromatin.
The preservation of cell phenotype and determined cell state from one cell generation to the next, often called cell memory (1) (2) (3) (4) , requires either the complete de novo reassembly each generation of very complex nucleoprotein structures or, more likely, the transfer between cell generations of epigenetic information that somehow guides correct reestablishment of chromatin structure and regulatory circuits. The error-free maintenance of proper cell identity is especially crucial for mammals, which have continued cell division of highly differentiated cells throughout their life-span. Despite its importance, little is known about the epigenetic mechanisms involved in high-fidelity cell memory. Two likely mechanisms are DNA methylation and heritable chromatin structure. It has been established that a DNA methylation system involving clonally heritable patterns of 5-methylcytosine is necessary for normal mammalian development, parental imprinting, and stable maintenance of phenotype in cell culture (5, 6) . Thus, cytosine DNA methylation seems clearly to be a component of mammalian cell memory mechanisms. However, mating type in yeast and position effect variegation in Drosophila have clonally heritable aspects, and in neither organism has 5-methylcytosine or other modified bases yet been detected (7) . For this reason, methylation-independent heritable chromatin structure could also be one component mechanism of mammalian cell memory. Perhaps only several mechanisms acting together can provide the required fidelity of epigenetic information transfer. Mammalian X chromosome inactivation provides a good system for the study of cell memory, epigenetic mechanisms, and imprinting because differences in chromatin structure between the genetically active, euchromatic X chromosome (the Xa) and the inactive and heterochromatin-like X chromosome (the Xi) are clonally heritable and show parent-oforigin effects (8) . The X chromosome contains several genes such as hypoxanthine phosphoribosyltransferase (HPR7T) and phosphoglycerate kinase (PGK1) that are ubiquitously expressed from the Xa but transcriptionally silent on the Xi. The Xi is constantly in a nucleus containing all transcription factors necessary for efficient transcription of constitutive genes such as PGK1, but some aspect(s) of chromatin structure renders most regions of the Xi resistant and presumably inaccessible to transcription factors. It is especially difficult to imagine how resistance is stably preserved if the complex pattern of active and inactive regulatory complexes and/or chromosomal domains is created completely de novo after transcription, DNA replication, or, of most relevance for this paper, each cell generation. More likely, some kind of chromatin structural information survives S phase and metaphase and guides decondensation and activation of chromatin in the next cell generation (see Fig. 1 ). DNA replication has long been recognized as a critical period for cell memory, and models Abbreviations: LMPCR, ligation-mediated PCR; Xa, active X chromosome; Xi, inactive X chromosome; DMS, dimethyl sulfate. *To whom reprint requests should be addressed.
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requiring stable transcription complexes to persist on DNA through DNA replication and from one replication cycle to the next have been one of the leading candidate mechanisms for methylation-independent cell memory (9, 10) . However, it has proven difficult to study the chromatin structure of specific single-copy genes during, for example, chromatin maturation following DNA replication. For this reason, we have sought other approaches to the study of heritable chromatin structure and cell memory. One approach we have investigated is the use of ligation-mediated PCR (LMPCR), a technique which recently has enabled high-resolution analysis of mammalian chromosomes and revealed differences in nucleoprotein structure between the Xa and the Xi (11, 12) . This paper reports on our first efforts to use LMPCR analysis of metaphase chromosomes as an approach to the study of epigenetic mechanisms. Chromatin becomes extremely condensed by coiling and folding as cells approach division, reaching the maximally compacted state in metaphase chromosomes (10, 13, 14) . We reasoned that if heritable chromatin structure passes epigenetic information to progeny cells, then this information must be retained in metaphase chromosomes. Thus some differences between active and inactive chromatin are likely to be preserved in metaphase chromosomes. Conversely, this logic suggests that differences observed between, for example, the Xa and the Xi may aid our understanding of heritable chromatin structure and cell memory. We report here that LMPCR does enable the analysis of metaphase chromosomes at nucleotide-level resolution. These initial studies also have shown that transcription factors at the active PGK1 promoter are absent from metaphase chromosomes. Thus the PGK1 transcription complex, and presumably, a myriad of other transcription complexes, must form de novo each cell generation.
MATERIALS AND METHODS
Cell Lines and Metaphase Cell Isolation. Chinese hamster hybrid cells containing either the active human X chromosome (Y162-1lC) or the inactive human X chromosome (X8-6T6) were grown in RPMI 1640 medium with 10% bovine calf serum as previously described (15, 16) . For metaphase cell preparation, 3 x 107 cells were plated in 850-cm2 roller bottles and grown with constant slow rolling at 2.5 rpm on a variablespeed roller apparatus (17) . When the cells were 60-80% confluent, they were subjected to a 4-min rapid roller spin (200 rpm) to remove all floating cells. The remaining attached cells were then incubated with conditioned media and Colcemid at 75 ng/ml for 2-3 hr. A second 5-min rapid spin detached mostly (>90%) cells in metaphase. Detached cells were quickly collected by centrifugation (1650 x g, 5 min) and counted. Interphase cells were collected from the roller bottles after metaphase cell isolation.
LMPCR and in Vivo Footprinting. Cells were washed and resuspended at 2 x 106 cells per ml in serum-free medium, then treated with 0.1% dimethyl sulfate (DMS; Aldrich) in medium without serum for 10 min at room temperature. The reaction was stopped by adding 140 mM 2-mercaptoethanol and quickly diluting the mixture 10-fold with cold calcium-and magnesium-free PBS solution (Irvine Scientific). DNA was isolated from DMS-treated metaphase cells essentially as described (11) except that the nuclei isolation step was omitted. The isolated genomic DNA was analyzed by alkaline agarose gel electrophoresis to determine by fragment size. For LMPCR we used preparations of average fragment range of 400-1000 bases from either metaphase or interphase cells. To obtain the base-specific DNA cleavage we followed the standard Maxam-Gilbert protocols for G, G+A, C+T, and C base-specific modifications (18), using genomic DNA isolated from untreated Y162-11C or HeLa cells (for Xa experiments) and from X8-6T6 cells (for Xi experiments). Adenosinespecific cleavage was generated by potassium tetrachloropalladate at pH 2.0 as described (19 (11, 20) . For the experiment shown in Fig. 5 , a LMPCR method using Vent (exo-) DNA polymerase (New England Biolabs) for first primer extension and Vent polymerase (New England Biolabs) for PCR was performed essentially as described (21, 22) . The PCR amplification step was started with 6-min denaturation at 96°C followed by a "step down" procedure, the first cycle of which was at 65°C for 3 min and 75°C for 3 min. in 0.1% bovine serum albumin and 10 mM Hepes solution (pH 7.0), resuspended in 1 ml of propidium iodide at 100 mg/ml, incubated 16 hr at room temperature in the dark, and analyzed by flow cytometry as described (23 Klevecz (17) . Fig. 2 shows cell sorting data of the isolated metaphase cells and indicates that about 90% are in the G2/M peak. Microscopic examination confirmed that the peak labeled G2/M consisted of cells in metaphase. The results shown in Fig. 2 (11, 12) of the active human PGK1 promoter revealed five strong footprints, indicative of a transcription complex. The footprints seen were at two GC-box regions (-32 to -63 and -235 to -255), a CCAAT region (-84 to -115), an NF-1-like region (-123 to -160), and a region from -187 to -223 (Fig. 3) . The latter region was not named previously although a footprint was detected. We have named it here as HIF-1-like because the protected sequence contains a region that is 89% identical to the mouse hypoxia-induced factor 1 (HIF 1) binding site (24) . In all our experiments the same DMS concentrations were used on metaphase and interphase cells, resulting in similar fragment size distributions. This fact by itself suggests that the overall accessibility to DMS of chromatin in interphase and metaphase cells is similar. LMPCR analysis confirmed this observation, since lanes of interphase and metaphase DNA have an overall similar band intensity. Footprints were identified by comparing the intensities of bands of the DNA treated in vivo to those of naked DNA as well as comparing the relative intensities of bands in the same lane.
In vivo DMS footprinting of interphase (cells remaining attached after removal of mitotic cells) Y162-11C cells has reproduced the footprints that were previously reported on the active human PGKI promoter region. Protected guanosine residues were seen in various regions of the active promoter (Fig. 4) hypersensitive sites were also seen at the upstream GC-box region, the NF-1-like region, and the HIF-1-like region (data not shown).
In contrast to interphase cells, metaphase cells have no DMS footprints on the active human PGKI promoter region (Fig. 4) (11, 12) . Our DMS in vivo footprinting studies of the PGK1 promoter in interphase or metaphase X8-6T6 cells, which contain the human Xi, have confirmed, as expected, the absence of the transcription factors that were seen on the active promoter (Fig. 5) . Moreover, the in vivo DMS reactivity pattern of the inactive human PGKI promoter is very similar in interphase and metaphase (Fig. 5) . In initial studies using Sequenase and Taq polymerases for LMPCR, very subtle differences were reproducibly seen between the pattern for naked DNA and in vivo interphase or metaphase chromatin. We conclude, though, that Xa and Xi chromatin react very similarly with DMS because, as shown in Fig. 5 10 ,000-fold condensed relative to extended DNA. The most widely accepted model for chromosome structure is that DNA is wrapped around a core histone octamer to form a 10-nm chain of nucleosomes, which is then coiled into a 30-nm solenoid or chromatin fiber. This chromatin fiber is then folded into 75-kb average size loops tethered to a protein scaffold. The folded chromatin fiber is about 250 nm wide and is further coiled into the 700-nm chromatid of a metaphase chromosome (13, 14, 25) .
With respect to cell memory, the central question illustrated in Fig. 1 is whether information engraved in chromatin structure is passed to progeny cells by way of metaphase chromatin. Since metaphase chromosomes may be "stripped to their essence," a study of metaphase chromatin thus may reveal features relevant to the epigenetics of cell memory. For X-linked genes, such as the PGK1 gene studied here, it is well established that cell memory is excellent, and the same allele is monoallelically expressed in female cells at every cell generation. Also it is known that the Xi is methylated at CpG islands (8) and thus follows the left pathway of Fig. 1 with respect to methylation. The important remaining question relevant for this discussion is whether information other than methylation is maintained through metaphase. For autosomal genes, it is not known which pathway in Fig. 1 is followed. Information relevant to these questions has been heretofore very limited, but some of the leading models for cell memory invoke stable transcription complexes that remain bound to DNA from one DNA replication cycle to the next (9, 10). These models implicitly predict that nucleoprotein complexes remain on metaphase chromosomes. A recent version of the model suggests that enhancer and promoter complexes are often separated by considerable distances to help preserve information through replication (10, 26) by having one nucleoprotein complex guide reformation of the other. For this model to apply at metaphase, one of the complexes must remain intact on the chromosome. Only a few specific proteins, such as topoisomerase II, have been identified so far as components of metaphase chromosomes (14, 25) , but detection of specific factors bound only at relatively few sites would be difficult without the use of LMPCR. There is one report that RNA polymerase may remain on metaphase chromosomes (27) , but transcription from metaphase chromosomes is known to be low or absent (28) . Absence of transcription, though, is weak evidence with regard to transcription complexes because, obviously, the complexes could be present but inactive. Beyond the models suggesting transcription complexes that are stable to replication, evidence favoring retention of specific nucleoprotein complexes on metaphase chromosomes is twofold. First, Groudine and Conklin (29) observed that hypersensitive sites (enhancer or promoter complexes?) are retained in condensed sperm chromatin. Second, and most directly relevant, cytogenetic studies (30) and studies of isolated chromosomes (31) indicated that the metaphase Xa is more sensitive to DNase I than is the metaphase Xi. This differential nuclease sensitivity could be due to retention of generalized DNase I sensitivity and/or to retention of hypersensitive sites.
The aim of this initial study was to demonstrate the feasibility of using the high-resolution technique of LMPCR to provide information on the in vivo chromatin structure of metaphase chromosomes. We find that LMPCR can indeed be used for DMS footprinting of metaphase chromatin in intact cells. The region analyzed in these pilot experiments is the human PGK1 promoter, which has been previously well studied by LMPCR and is known to have several transcription factor footprints on the Xa and a wrapped-DNA, presumably nucleosomal, structure on the Xi (12). We have confirmed here the presence of transcription factors on interphase chromatin and have shown that these factors are not on metaphase chromosomes; thus at least the PGK1 transcription complex forms de novo at each cell generation. Our present data give no information as to the mechanism of removal, but they certainly are consistent with its being the result of phosphorylation of a component of the polymerase or other transcription complex machinery, as suggested by Gottesfeld et al. (32) .
The metaphase chromatin of the PGKI promoter on the active Xa chromosome has a DMS reactivity pattern similar to the naked DNA control. Thus even the most extremely condensed form of previously active chromatin is still transparent to DMS. This is not inconsistent with nucleosomal structure, because previous work has shown that nucleosomal structure does not affect DMS reactivity (33, 34) . Numerous footprinting studies have established, however, that most DNA-bound proteins cause a specific pattern of decreased or, rather commonly, increased DMS reactivity (35) . Interestingly, we find a different picture for the inactive, Xi, chromosome, Proc. Natt Acad ScL USA 92 (1995) which in interphase cells is cytologically like heterochromatin. Here we find that the reactivity patterns of interphase and metaphase chromatin are similar. The inactive X chromosome in female mammals recently has been shown to be distinguished by a lack of histone H4 acetylation (36), a chromatin feature long associated with gene expression (34, 37) . It is certainly possible that the lack of histone acetylation might cause some perturbation of nucleosomal structure. However, recent in vitro hydroxyl radical footprinting studies (34) have confirmed earlier work (33) that the location and extent of nucleosomal protein-DNA contacts is not altered by acetylation, so an effect on DMS reactivity is not likely. It is worth noting that the metaphase-condensed chromatin at the Xa promoter, as probed by DMS, is the same as naked DNA despite the heavy phosphorylation of metaphase histones H3 and Hi, which is thought to have perhaps triggered condensation (38) . The LMPCR approach now needs to be extended in many ways, including the use of other footprinting agents and analysis of other genes with candidate stable transcription complexes, and other elements such as enhancers, matrix attachment sites, locus control regions, and replication origins.
